Chromophore structures inspired by natural green fluorescent protein (GFP) play an important role in the field of bio-imaging. In this work, photochemical properties of a new class of GFP-like chromophores are investigated using computational approaches. Thermodynamically stable isomers are identified in vacuum and in solvent. Spectral Stokes shifts are computed and compared to experiments. An inverted solvatochromic shift between absorption and emission emerging in this new class of GFP-like chromophores is observed, and attributed to the stabilized charge transfer and inhibited rotational structural reorganization in solvent.
I. INTRODUCTION
Fluorescent proteins (FP) have been widely used as genetic tags and bio-markers to provide spatial and temporal information of a protein-of-interest in live cells and animals [1] . Fluorescence of these proteins is activated by their chromophore, a chemical moiety that is generated via a series of chemical reactions within a folded FP [2] . For example, the chromophore of green fluorescent protein (GFP) is formed by side chains of three adjacent amino acids (Serine 67, Tyrosine 68, and Glycine 69). During the maturation process, the GFP chromophore forms a 4-hydroxybenzylideneimidazolinone (HBI) structure via a series of chemical reactions, including cyclization, oxidation, and dehydration. Structural variations of HBI lead to new FPs with diverse photo-physical properties, including excitation/emission spectra, quantum yield, photo stability, and photo switchability [3] . These FPs have enabled a wide range of biological applications in various cell types and organisms.
A new line of application inspired by the FP chromophores is fluorogenic detection (i.e., detection with turn-on fluorescence) of analysts both in test tubes and living cells. This is made possible because most of the FP chromophores as primarily HBI ana- † Part of the special issue for celebration of "the 60th Anniversary of University of Science and Technology of China and the 30th Anniversary of Chinese Journal of Chemical Physics".
* Authors to whom correspondence should be addressed. E-mail: xuz31@psu.edu, xsli@uw.edu logues become non-fluorescent when they are synthesized as small molecules and characterized in diluted solvents [4, 5] . In test tubes, the fluorescence is re-activated when synthetic HBI analogues interact with supra-molecular hosts [6] , metal-organic framework [7] , aggregation-induced emission [8] and protein hosts [9] . In living cells, HBI analogues, represented by represented by 3,5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI), have been used to visualize RNA aptamers [10] , DNA quadruplex [11] , and more recently the detection of protein aggregation [12] . In particular, GFP analogues recently emerge to enable fluorogenic detection of biomolecules in living cells [11, 12] . Compared to commonly used HBI analogues, RFP analogues harbor an extended moiety at the C2 position of the imidazolinone group (Ib position in left panel, FIG. 1(a) ). In the case of the photo-converted Kaede fluorescent protein [13] , an imidazole is connected via a stilbene linker to the C2 of imidazolinone. Derivatives of this scaffold have been employed to enable fluorogenic imaging of DNA quadruplex [11] and protein aggregates [12] . Given that the Kaede scaffold is increasingly used to develop novel fluorescent probes, we envision that the incorporation of heterocycles to the Ia and Ib positions of this scaffold bears the potential to give rise to novel photochemical properties. In this study, we have synthesized a new molecule wherein indoles were introduced to both the Ia and Ib positions, yielding t-butyl (2E,4Z)-2-indolevinyl-4-indolidene-imidazolinone-1-carboxylate, (TI3C as shown in the right panel, FIG. 1(a) ). Our theoretical results show that TI3C exchanges between five isomers, two of which are energetically favored. Based on the energetically most stable isomer, the calculated Stokes shift matches the experimental data, suggesting that this isomer is the most populated conformation at equilibrium. These results collectively reveal the bright state of fluorophores of the Kaede scaffold, providing guidance to future development of similar fluorophores.
II. METHODS

A. Computational methods
All electronic structure calculations were carried out using DFT or the linear response time dependent DFT method at the level of B3LYP/6-31+G(d,p) [14, 15] as implemented in the Gaussian computational chemistry software [16] . Geometries of various stereoisomers of TI3C (FIG. 1(a) ) were fully optimized both in the gas phase and in an effective solvent model on the groundand excited-state. The solvent effect of glycerol was included using the polarizable continuum model (PCM) [17−25] with dielectric constants [26] (ε 0 =42.82 and ε ∞ =4.0 at T =298.15 K). Vibrational frequency calculations confirm that all optimized geometries are true minima. Population analyses, including electron density difference profiles, transition dipole moment, and Mülliken atomic charge change, were also performed.
B. General synthetic and chromatographic methods
Commercial grade reagents and anhydrous solvents were used as received unless otherwise stated. Reactions were monitored via thin layer chromatography (TLC) analysis using Silicycle glass sheets precoated with silica gel 60 with detection by UV-absorption (254 nm or 365 nm). Flash column chromatography was performed using Silica Flash F60 silica gel in the indicated solvent mixture.
1 H NMR and 13 C NMR spectra were obtained on a Bruker NMR (500/126 MHz) spectrometer in DMSO. The provided 13 C spectra are protondecoupled. Chemical shifts are reported as σ-values in ppm relative to the DMSO residual solvent peak as an internal standard, all coupling constants are provided in Hz. High resolution mass spectra were recorded using a Waters Q-TOF Premier quadrupole/time-of-light (TOF) mass spectrometer.
C. Synthesis of TI3C
The synthesis steps for TI3C is shown in FIG. 2. Condition a: glycine tert-butyl ester hydrochloride (1.1 eq) and NaOH (1.0 eq) were stirred in EtOH for 1 h at room temperature, aldehyde (1.0 eq) was added and stirred overnight. The next day the imidate (1.0 eq) was prepared, added in one portion. The reaction was again stirred overnight, then quenched by water and extracted with DCM. The organic fraction was collected and dried in vacuo. Compounds were further purified by ash chromatography (1:1, ethyl acetate/hexanes) to yield compound 1.
Condition b: aldehyde (2.0 eq), 1 (1.0 eq) were combined in dioxane under Argon. ZnCl 2 (0.01 eq) was added and refluxed overnight. Solvent was removed and purified by ash chromatography (2:5, ethyl ac- etate/hexanes) to yield final compound 2. 1: 
III. RESULTS AND DISCUSSION
A. Structural and thermodynamic characteristics of chromophore stereo-isomers
Bridged by CC single/double bonds, the three aromatic rings of TI3C (FIG. 1(a) ) constitute a planar π-conjugated framework responsible for its photophysical properties. Rotations of the three rings along the five linkage bonds (dihedral angels ϕ 1 −ϕ 5 in FIG. 1(a) ) give rise to various stereochemical configurations, shown in FIG. 3. 14 configurations were initially considered, while others with strong steric effect were screened out. Among all configurations considered herein, isomer 1 (FIG. 2(a) ) in both gas phase and glycerol solvent is thermodynamically most stable. All configurations except 14 are nearly planar both in vacuum and in glycerol, with rotation angles deviating less than 3
• from the planar structure (see Table I ) .  FIG. 4 shows five lowest energy TI3C isomers and their Boltzmann weights at the room temperature, T =298.15 K. Structural characteristics of all isomers in  FIG. 4(a) are very similar, including a trans-C6=C7 bond and a cis-C4=C10 double bond except for 5, consistent with results from previous work [27−30] . The central framework (central aromatic ring plus three linkage carbon atoms) is relatively fixed in most of the TI3C isomers in glycerol, despite of the strong electron donating character of the extended conjugation (i.e. indolevinyl group). In the following sections, we will only focus on isomers 1 and 2 for spectroscopic and excited state analysis because they are the most abundant species at the room temperature.
B. Absorption and emission spectra
Two types of electronic transitions, absorption and emission, are considered in this work and shown in FIG. 5, and their characteristics are shown in Table II . Vertical absorption spectra were computed using the ground state geometry (S 0 ). In order to compute the emission spectra, electronically excited geometries of isomers (1 and 2) were also fully optimized on their first singlet excited state (S 1 ) potential surfaces, respectively. Ground-and excited-state geometric parameters of isomer 1 and 2 are presented in Table III . Although the structures of 1 and 2 differ in ϕ 1 by 180
• , their excited-state electronic characteristics are very similar in both vacuum and glycerol. Orbital analysis using TDDFT calculations suggests that both absorption and emission are dominated by transitions between HOMO and LUMO of the ground state, shown in FIG. 6.
Spectra of isomer 1 are of a higher oscillator strength than those of 2. As indicated in Table IV , this is a result of a decrease in transition dipole moment upon isomerization from 1 to 2. For both isomers 1 and 2, the spectral intensity increases significantly in glycerol compared to that in vacuum also due to the increase in transition dipole moment . FIG. 7 shows the electron density difference δρ=ρ S1 −ρ S0 of 1 and 2 upon photo-excitation S 0 →S 1 in vacuum and in glycerol. photo-excitation promotes electron transfer from Ib and Ia to the central frame (see FIG. 1(a) for labeling) . Mülliken population analysis presented in Table V suggests that the amount of charge transfer upon photoexcitation increases in polar solvent compared to that in vacuum. As a result, spectral oscillator strength also increases.
Spectral Stokes shifts in vacuum are ∼77 and ∼84 nm for isomers 1 and 2, respectively, corresponding to a reorganization energy of 8.6 and 8.7 kcal/mol. The amounts of Stokes shift decrease in glycerol (∼51 and ∼58 nm for isomers 1 and 2, respectively), corresponding to a smaller reorganization energy of 5.5 and 5.8 kcal/mol. Remarkably, the calculated Stokes shift from isomer 1 is almost identical to the experimentally determined value of 48 nm (E x =548 nm, E m =596 nm; FIG. 8) , consistent with the observation that isomer 1 is the energetically most stable and populated conformation. The absorption spectra of both isomers exhibit a solvatochromic red-shift of 14−20 nm. However, the emission spectra of both isomers show a solvatochromic blue-shift of ∼10 nm. Such an inverted solvatochromic shift between absorption and emission spectra is unusual in photochemical systems.
FIG . 9 depicts the potential energy surfaces of S 1 and S 0 states of isomer 1 in vacuum and in glycerol. In the absence of charge transfer, ground state potential energy surfaces in vacuum and in glycerol have a similar curvature. As a result, solvatochromic shifts are mainly due to the interaction between solvent and solute excited states. In the excited state, charge transfer charac- ter is stabilized by the polarity of the solvent compared to that in vacuum, giving rise to the solvatochromic red-shift in the absorption spectra. Such a stabilized charge transfer state is also associated with a smaller reorganization energy. Therefore, the excited state potential energy surface of the charge transfer state in glycerol is flatter than that in vacuum. In addition to the plotted excited state potential energy surface, this observation is verified by excited normal mode analyses and frequency calculations. This also leads to a smaller geometric change (see Table III ) and smaller reorganization energy. For TI3C isomers, multiple rotation angles allow for modest structural reorganization in the S 1 state in vacuum. Rotational structural reorganization is suppressed as a result of stabilized charge transfer in glycerol. As a result, inverted solvatochromic Stokes shift will occur when S 1 minimum in vacuum is lower in energy than that in polar solvent, as shown in FIG. 9 .
IV. CONCLUSION
In this study, we presented a theoretical study of the bright TI3C molecule, a Kaede RFP-like chromophore. Thermodynamic isomerization pathways were investigated and statistical distributions of stable isomers were analyzed. The two most stable isomers were selected for photochemical studies. Computed spectral Stokes were in excellent agreement with experiments. An inverted solvatochromic shift of TI3C in glycerol between absorption and emission was observed. Potential energy surface and population analyses suggest that the inverted solvatochromic shift is due to the inhibition of rotational structural reorganization arising from stabilized excited state charge transfer. This work lays the theoretical groundwork for designing RFP-like chromophore with extended conjugation to acquire desired photo-physical properties.
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